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INTRODUCTION 
Solid state bonds are being extensively developed and used in aerospace structures. 
As with any other bonding technology, a reliable method for estimating bond strength 
is needed in order to establish confidence levels in the process routes and the finished 
bonded products. Ultrasonic nondestructive evaluation (NDE) methods are currently 
being investigated for detection and characterisation of anomalies at diffusion bonds 
between similar or dissimilar metallic layers [1]. There is large gap in the 
understanding of the nature and behaviour of imperfect bonds. These are diffusion 
bonds which do not show up as good reflectors of ultrasonic energy, but at the same 
time have very low bond strengths. A purely experimental approach to developing an 
NDE method is often hampered by the difficulties in fabricating samples with 
controlled defects, and other experimental uncertainties. The objectives of this study 
are thus to develop a computer model to determine whether ultrasound could be used 
for characterisation of imperfections at a diffusion bond, and what would be the 
optimum set-up for obtaining the most reliable information about the condition of the 
bond line. 
Such a model will need to handle different types of imperfection (defect), be valid 
over a wide range of frequencies, allow both shear and compressional sources, work 
with a transient (pulsed) source, incorporate the component geometry, be accurate and 
finally be extendable to 3-dimensions. 
DEFECT TYPES AT A DIFFUSION BOUNDARY 
Destructive studies conducted on diffusion bonded specimens with poor tensile 
strengths have indicated that there are two main types of defects at the bonded 
interface. These have been classified as 'partial' and 'kissing' bonds [2]. Kissing (or 
stuck) bond describes the situation where two rough surfaces are compressed together 
in such a way as to leave areas of intimate mechanical contact separated by cavities. 
This is thus modeled as a distribution of square voids (with stress-free boundaries), 
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separated by regions where continuity of stresses and displacements applies. Partial 
bond describes the situation where a large number of unbonded, flat cracks are 
distributed along the interface. This is modeled as a distribution of cracks with zero 
width (and stress-free boundaries), separated by regions where continuity of stresses 
and displacements applies. The main difference between the two types of imperfect 
diffusion bond is therefore their geometry. 
THE MODELING APPROACH 
An explicit Finite-Difference (FD) approach has been used for the model [3]. At 
interior body nodes, the elastic wave equation is discretized using central differences in 
spatial variables and in time. A recently developed general formulation for dealing with 
interface nodes has been employed at the remaining nodes along the interface of the 
two layers and along the free surfaces of the rectangular voids and cracks. This is 
called 'The Block Media Formulation' and is described in the next section [4]. At the 
artificial computational boundaries, a recently developed absorbing boundary condition, 
based on the one-way wave equation is used [5]. An explicit forward marching scheme 
is employed for obtaining the values of the displacement vector in future time levels. 
There are several advantages gained with the finite-difference modeling approach. 
Complete transient (time-dependent) elastic wave fields can be computed. Partial and 
kissing bonds can be modeled as discrete defects, or as an equivalent spring-loaded 
interface. Different wave types and pulse shapes can be used and frequencies for the 
source can be varied from the short to the long wavelength regimes. There are 
restrictions however, on the number of points that describe the defect, so that the 
boundary conditions are properly defined along the defect. Also, we would need 
sufficient number of grid nodes per wavelength, to ensure propagation without 
numerical dispersion. Multiple-scattering is inherently included in the models. Variable 
angle of incidence for the source and variable defect size and distribution along 
boundary can be easily considered. Different material combinations can be modeled, so 
one can look at multi-layered structures, with voids and inclusions. 
There are several disadvantages with FD modeling however, which one must be 
aware of. One must ensure the stability of the numerical calculations through a correct 
choice for the spatial and temporal increments. The solutions are mostly in the near-
field (extension into the far-field could be computationally costly). For non rectangular 
features, the formulations are rather complex. Finally, if accuracy better than 2nd 
order (in ox) is required, the number of terms in the calculations becomes 
impractically large. 
THE BLOCK MEDIA FORMULATION 
Conventional method for FD modelling of propagation in elastic media, is to use 
the homogeneous elastic wave equation for interior body nodes, and separate 
formulations for calculating displacements at material discontinuities such as points on 
stress-free boundaries, interfaces and corners. In this study, a single differential-
difference equation has been derived which describes the elastic wave propagation 
everywhere, with interface conditions at material discontinuities satisfied automatically. 
This uses the fact that the elastic medium is formed by a collection of rectangular, 
homogeneous solid blocks. The new formulation can use higher order terms for 
improved accuracy, whereas existing formulations for boundary points are essentially 
first order approximations [6]. We shall proceed by showing the derivation of the block 
media formulation. The integral form of the equation of motion is: 
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(1) 
For continuous media, a unique differential form of the eqn. of motion is 
PU,,=v· T . (2) 
In homogeneous, isotropic media, the differential equation of motion is thus given as: 
[A+ 2fl 01 [0 A+ flJ [fl 0 1 pU,,= 0 ~uJ:X+ A+fl 0 u .. + 0 A+2~u", 
If the volume V is divided into sub-volumes (blocks), all intersecting at a common 
vertex point (x,z), the integral form of the equation of motion becomes: 
(3) 
(4) 
From this, we arrive at the differential form of the equation of motion at the vertex, in 
terms of the weighted sum of the elastic wave equations for each homogeneous and 
isotropic block: 
Ai+fl,] i [fli 0 J i} 
o U'" + 0 Ai + 2fl. un , (5) 
The second order cross-boundary derivative of u, is approximated by the difference of 
the displacement vectors and the first order derivative. It is noticed that the coefficient 
matrices for the first order derivatives are the same as those in the expression for stress 
vectors. Thus the expression for stress can be combined with the equation of motion. 
Figure 1. The volume V divided into four sub-volumes (blocks), intersecting at the 
common vertex point (x,y). 
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At the interface (vertex) points, the weights Wi can be adjusted to cancel out the 
stress terms, and thus the stress continuity constraint is incorporated into the equation 
of motion. We thus have a single differential-difference equation incorporating the 
stress-continuity constraint: 
~l 2 [Ill OJUZ + 0 
~l 3 [f.L.J OJUZ + 0 
(6) 
The four media meeting at the vertex (x,z) do not all have to be different. Various 
combinations of blocks with similar or dissimilar materials lead to all the commonly 
used interface conditions, such as: interior body nodes, interface between two 
dissimilar solids, points on a stress-free boundary, 90° or 270° corner points. 
RESULTS 
In this paper we shall show a few examples of the kind of data that can be 
obtained from the models. Firstly, we can plot the progression of the complete 
displacement field with time. Examples of this are shown in figures 2(a-d) for one 
instant in time. Figures 2(a) and (b) are for partial bonds and figures 2(c) and (d) are 
for kissing bonds for the two cases of similar and dissimilar bonded layers 
respectively. In these examples the compressional wave pulse is incident on the 
interface at 40° from the lower layer. By choosing a number of points along the top 
and bottom of the computational grid as receiver points, and averaging the 
displacement at these points at each instant in time, it is possible to extract the 
reflection and transmission coefficients of the imperfect interface for both the 
compressional and shear waves. In figure 3 the L-L reflection coefficient magnitudes 
are shown for a kissing bond at a TilTi interface, for different area fractions of the 
voids along the interface. The area fraction values are indicated on the right of each 
curve. Figure 4 shows the L-L reflection coefficient magnitudes for the two different 
types of imperfection at a TilTi interface, with an area fraction of 0.5. 
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Figure 2. Displacement field plot showing the reflected, transmitted and scattered wave 
fields for a partial bond on a TiiTi interface (a) and a NilCu interface (b). 
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Figure 2 (com.) Displacement field plot showing the reflected. transmitted and scattered wave 
fields for a kissing bond on a Ti/fi interface (c) and a Ni/Cu interface (d). 
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Figure 3. Reflection coefficient magnitudes for normally incident compressional waves 
on a kissing bond at a Tiffi interface, with different area fractions. 
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Figure 4. Reflection coefficient magnitudes for normally incident compressional waves 
on different bond types at a Tiffi interface, with an area fractions of 0.5. 
CONCLUSIONS 
A finite-difference model has been developed to simulate elastic wave scattering 
from imperfect diffusion bonds. The model uses a novel unified governing equation for 
elastic waves in block media. FulI wave solutions in the near-field and reflection 
coefficients have been obtained for kissing and partial bonds. The model will need to 
be verified against experimental data. 
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